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ABSTRACT
Guo, Zherui M.S.A.A., Purdue University, August 2014. Transverse Compression of
High Performance Ballistic Fibers. Major Professor: Weinong Chen.
High performance ballistic ﬁbers have been in use for decades, speciﬁcally in
protective applications against ballistic impact such as bulletproof vest layers and
aircraft turbine engine fragmentation barriers. These high performance ﬁbers have
extremely high strength-to-weight ratios and high moduli of elasticity in the axial
direction, making them extremely suitable for high impact situations. In particular,
R
and ultrapara-phenyleneterephthalamide (PPTA for short) ﬁbers such as Kevlar
R
high-molecular-weight polyethylene ﬁbers such as Dyneema
are amongst the more

popular high performance ﬁbers in today’s world. While the longitudinal mechanical
response of these ﬁbers have been extensively researched, their transverse mechanical
response is still not well-understood, even though most ballistic impact events occur
in the radial direction of these ﬁbers (especially in woven structures).
R
The method of determining the transverse mechanical response of Kevlar
KM2
R
and Dyneema
SK76 ﬁbers was improved upon from previous versions of single ﬁber

compression tests. Two ﬁbers were laid parallel and compressed between two tool
steel platens. The new experimental setup ensures that the individual ﬁbers are
being compressed evenly along the length and that the platens are parallel during
compression. Nominal stress-strain curves were obtained for quasi-static loading of
both types of ﬁbers.
Proper calibration was also performed to ensure the accuracy of the obtained
nominal stress-strain results. Using ﬁnite element analysis with ABAQUS, the quasistatic compression behavior was simulated and compared with experimental results.

xii
Scanning electron microscopy was also performed to ensure uniform compression of
the ﬁbers.
To evaluate the rate eﬀects on the transverse behavior, high-rate transverse compression experiments were also performed using a 127 μm diameter miniature Kolsky
bar loading on single-ﬁber specimens to obtain the corresponding stress-strain response of these high performance ﬁbers at high rates of deformation.

1

1. Introduction
1.1

High-Performance Fibers
High-performance materials are typically characterized by certain speciﬁc criteria,

most notably for their excellent properties such as thermal resistance, mechanical
strength, low speciﬁc density, high thermal, electrical, or sound insulation, as well as
resistance to destructive conditions such as ﬂames or chemicals [1].
More speciﬁcally, high-performance ﬁbers have long been in use to strengthen and
reinforce other materials. While most of the earlier ﬁber materials were metallic,
one of the ﬁrst high-performance ﬁbers was made of glass, which had a strength of
about 2 GPa [2]. These glass ﬁbers were mainly used in composites, resulting in a
lightweight and yet high-strength material with many useful applications. One wellknown example of a popular composite material made from glass ﬁbers is ﬁberglass,
which is typically made by coating woven ﬁberglass fabrics with a resin. Fiberglass
is still in use today in many commercial products such as boats, hobby aircraft, and
surfboards.
Carbon ﬁbers were the next step in composite technology, and were ﬁrst developed
by Roger Bacon in 1958. Carbon ﬁbers, by themselves, exhibit higher strength-toweight ratio compared to glass ﬁbers. The popularity of carbon ﬁbers increased as
carbon-ﬁber-reinforced composite materials became more widespread in commercial
applications, such as automotive and aircraft parts. Even today, carbon-ﬁber composites are still widely-used, with particular focus on the recently-developed Boeing 787
Dreamliner, which contains approximately 35 tons of carbon-ﬁber-reinforced polymer. Carbon ﬁbers have been shown to be stronger and more rigid, although the
disadvantage of carbon ﬁbers is their brittleness [3].

2
With the advent of solvent-based spinning technology, modern polymer ﬁbers are
able to surpass the material properties exhibited by their predecessors. Two popular
polymers used in today’s ballistic ﬁber industry are para-phenyleneterepthalamide
(PPTA) and ultra-high-molecular-weight polyethylene (UHMWPE). The properties
of these constituent ﬁbers play an important role in determining the ballistic performance of the yarns and fabrics that are composed of these ﬁbers. These polymer
ﬁbers are spun via extrusion of the polymers in a liquid state (typically melted or
dissolved in a solvent) through a spinneret to form a long, continuous ﬁlament. This
process is also known as wet spinning. However, the spinning and drawing process is
complicated and an in-depth analysis of the diﬀerent methods of drawing these ﬁbers
is not within the scope of this thesis, and therefore only the methods of synthesis and
R
R
and Dyneema
)
processing for the ballistic ﬁbers used in this study (namely Kevlar

will be provided in detail.

1.1.1

R
Kevlar
KM2

R
Kevlar
is one of the more popular para-Aramid ﬁbers in use in the market right
R
R
now, with other examples being Nomex
(also by Du Pont), as well as Technora
R
and Twaron
, both of which are made by Teijin. It was ﬁrst discovered by Stephanie

Kwolek from DuPont in 1965, then further developed in the 1970’s and continuously
improved on till this day. The classical synthesis of Kevlar ﬁbers starts with the
low temperature poly-condensation of p-phenylene diamine (PPD) and terapthaloyl
chloride (TCl) [4].
Para-Aramid ﬁbers belong to a class of materials called liquid crystalline polymers,
and in a solution form, these para-Aramid polymers can aggregate to form organised
clusters compared to other conventional ﬂexible polymers, which form random coils
in a solution (Figure 1.3). This is due to the rigid rod-like structures of the polymers,
which is the main factor in determining the strength of the resulting polymer ﬁber.
These PPTA chains are relatively short, with a polymer mass average molecular

4

R
Table 1.1 Properties and applications of several popular Kevlar
grades [8].

Grade
Kevlar 29

Properties

Applications

High strength

Industrial applications such as ropes and
cables, cut-resistant gloves

Kevlar 49

High modulus

Fiber optics, ropes and cables, aerospace
applications

Kevlar 119

Kevlar 129

KM2

Higher

elongation,

Rubber goods such as tires, automotive

fatigue-resistant

belts, and hoses

Lightweight,

Life protection accessories, ropes and ca-

high-

tenacity

bles, high-pressure hoses

High tenacity, high

Military and law-enforcement applications

toughness,

such as helmets and protective vests

denier

ﬁner-

5

Figure 1.3. Arrangement of polymers in solvent for (a) conventional
polymers, and (b) para-Aramid polymers [5].

R
KM2 ﬁbers are typically used in ballistic applications due
In particular, Kevlar

to their high strength-to-weight ratio, relatively high resistance to chemical and environmental exposure, and low thermal conductivity. These properties not only make
it useful for protective applications such as bulletproof vests and jackets, but also
for high-impact explosive conditions such as turbine engine fragmentation barriers in
aircraft.

1.1.2

R
SK76
Dyneema

The other commonly-used polymer in today’s industry is polyethylene, more
speciﬁcally ultra-high molecular weight polyethylene (UHMWPE). Two of the wellR
R
from DSM and Spectra
from Honeywell.
known UHMWPE products are Dyneema

UHMWPE ﬁbers have replaced Aramid ﬁbers in certain applications due to better
resistance to degradation [9]. Compared to para-Aramid ﬁbers, UHMWPE does not
require extremely toxic or abrasive chemical solvents to produce, thereby contributing
to their increasing popularity.

7
R
Table 1.2 Properties and applications of several popular Dyneema
grades [11].

Grade

Properties

HB26

High

Applications
strength,

Armored vehicles, helmets

lightweight
HB50

High

stopping

power, lightweight
SB71

High

Helmets,

vehicle armor,

high-velocity

fragment barriers

strength, Bullet-resistant vests

lightweight
SK75

High

strength,

Ropes, lines, cables, and ﬁshing nets

lightweight
SK76

High

modulus,

Military applications

lightweight

drying the gel ﬁlaments at room temperature before removing any remaining solvent
with ethanol. The gel ﬁbers are then ﬁnally quenched in a water bath. This method
of gel-spinning results in a highly-oriented anisotropic ﬁber with excellent longitudinal tensile properties. Similarly, by varying the processing of manufacturing, diﬀerent
R
R
grades of Dyneema
can be produced. A brief summary of the diﬀerent Dyneema

grades and their applications are given below in Table 1.1.2.

1.2

Transverse Characterization of High-Performance Fibers

1.2.1

Anisotropy of High-Performance Fibers

For the mechanical response of a solid, Hooke’s Law can be written in a compliance
matrix form with the necessary material constants such as the Poisson’s ratio and
modulus in that direction. In particular, for a transversely isotropic solid such as a

8
ﬁber, the compliance matrix can be simpliﬁed to just ﬁve material constants deﬁned
in Equation 1.1 below [12].
⎧ ⎫
⎪
⎪
⎪
ε11 ⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
ε22 ⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎨ε ⎪
⎬

⎡

−ν21 s11 −ν31 s33 0
0
s
⎢ 11
⎢
⎢−ν21 s11
s11
−ν31 s33 0
0
⎢
⎢
⎢−ν31 s33 −ν31 s33
s33
0
0
33
=⎢
⎢
⎪
⎪
⎪
⎢ 0
0
0
s23 0
ε23 ⎪
⎪
⎪
⎪
⎪
⎢
⎪
⎪
⎪
⎪ ⎢
⎪
⎪ε31 ⎪
⎪ ⎢ 0
0
0
0 s23
⎪
⎪
⎪
⎪
⎣
⎪
⎪
⎪
⎪
⎩ε ⎭
0
0
0
0
0
12

⎤⎧ ⎫
⎪
⎪
⎪σ11 ⎪
0
⎪
⎪
⎥⎪
⎪
⎪
⎪
⎪
⎥⎪
⎪
⎪
⎥
⎪
0
σ22 ⎪
⎪
⎪
⎪
⎥⎪
⎪
⎪
⎪
⎥⎪
⎨
⎥ σ33 ⎬
0
⎥
⎥⎪ ⎪
⎥⎪
0
σ23 ⎪
⎪
⎪
⎪
⎥⎪
⎪
⎪
⎪
⎥⎪
⎪
⎪
⎪σ31 ⎪
⎥⎪
0
⎪
⎪
⎦⎪
⎪
⎪
⎪
⎪
⎩
2(1 + ν21 )s11
σ12 ⎭

(1.1)

where s and ν (also deﬁned previously in the list of symbols) are the reciprocal of their
corresponding modulus and Poisson’s ratios in a particular direction respectively.
While the longitudinal properties (s33 ) and mechanical response of highly-anisotropic
ﬁbers have already been extensively researched and experimented on, the transverse
mechanical response (s11 ) of these ﬁbers have garnered relatively little attention and
are therefore not as well-understood, despite the fact that nearly all impact and applications of these fabric structures are from out-of-plane or transverse directions.
Several methods of characterizing the transverse mechanical properties have been
developed as early as the 1970’s, and many numerical and analytical models have
followed suit as well.

1.2.2

Hertzian Contact Theory

Hertzian contact analysis [13] is an oft-used analytical model for determining the
elastic modulus of ﬁbers to a certain extent, particularly in the case of a circular
cross-section in contact with two ﬂat surfaces, as in Figure 1.5.
As the ﬁber of undeformed radius r gets compressed by a radial force F, the total
contact width 2b increases. The main assumption of this Hertzian contact problem is
that the width of the contact zone 2b is extremely small compared to the dimensions
of the body in question, in this case the radius of the ﬁber r. In particular, Pinnock,

9

Figure 1.5. Using Hertzian contact theory between a circle and two
ﬂat surfaces to calculate the true stress and strain of the compressed
ﬁber [14].

Ward, and Wolfe [15] considered this problem as the frictionless compression of an
elastic cylinder by two concentrated loads on both ends of the ﬁber diameter. The
total transverse deformation of the ﬁber (or platen displacement) is therefore given
by 1.2

Uy = F

4
−1
π


 

s213
s213
s11 −
− s12 −
s33
s33

(1.2)

Assuming transverse radial isotropy of the material and under plane strain compression, the ﬁber material properties such as the transverse elastic modulus and
Poisson’s ratio could be subsequently obtained from the experimental data. The
contact width b is subsequently calculated using the equation
4F r
b =
π
2



s2
s11 − 11
s33


(1.3)
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It is then apparent that due to the increase in contact width b during compression, the true stress during transverse loading actually changes, leading to complexity
during calculation.
However, due to the main assumptions used in the solution of the Hertzian contact
problem, the analytical solution becomes invalid when the contact width 2b is significant large in comparison to the radius of the ﬁber. The Hertzian contact method is
therefore only useful for calculating the initial transverse modulus of the ﬁber before
the onset of plastic deformation (typically around 4% strain).

1.2.3

Single-Fiber Transverse Compression

A single ﬁber compression method to determine the transverse elastic modulus of
anisotropic ﬁbers was developed by Hadley, Ward, and Ward as early as 1965 [16]. In
the study, polyethylene terephthalate, polypropylene, and nylon test monoﬁlaments
were tested for their transverse elastic modulus and transverse Poisson’s ratio.

Figure 1.6. Transverse compression setup by Hadley et al. using
interference fringes to determine the ﬁber contact width [16].
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These monoﬁlaments were sandwiched between two parallel glass or quartz plates,
and a load was subsequently applied on the ﬁber via a lever arm with weights hanging
on one end. The corresponding contact width of the ﬁber with the glass platen at
diﬀerent load levels during compression was monitored under a microscope using
interference fringe patterns.
Three years later, Morris [17] improved upon Hadley et al’s setup to measure
nylon, acrylic, and Rayon ﬁbers. The physical basis behind both setups is similar,
however, Morris chose to compress the ﬁbers using horseshoe weights on a stack
of glass plates where the ﬁbers are sandwiched in between. The micrometer is then
lowered until it touches the glass plates, thereby measuring the transverse deformation
of these ﬁbers.

Figure 1.7. Transverse compression setup by Morris using a micrometer to measure the displacement up to the point where it contacts
the top glass plate [17].

1.2.4

Automated Single-Fiber Transverse Compression

The Hertzian contact theory, although slightly modiﬁed, is still in use for the calculation of the transverse elastic moduli of highly-oriented anisotropic ﬁbers. However,
transverse compression methods have been improved upon since Hadley et al.’s ini-
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tial experiment. In 1990, Kawabata [18] performed similar transverse compression
experiments on aramid ﬁbers by laying out a single ﬁber on a smooth, ﬂat steel bed
(Figure 1.8). The top plane, similar to an indenter, was driven by an electromagnetic
power driver to compress the ﬁber and a force transducer to detect the amount of
force being applied. A linear diﬀerential transformer connected to the driver rod detects the displacement of the indenter plane as it moves downward to compress the
ﬁber.

Figure 1.8. Automated transverse compression setup by Kawabata [18].

The main advantage of this setup is its ability to directly measure extremely small
changes in initial elastic deformation because of the high resolution of the equipment,
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and diﬃculties. Due to their low compliance per unit length and the short range
(approximately 0.5 to 1.0 μm) of initial elastic deformation during compression, the
initial elastic response is extremely sensitive to any platen surface roughness, nonparallel compression as shown in Figure 1.10, or any variations in ﬁber diameters.
In light of the above-mentioned issues with single-ﬁber setups, Phoenix and Skelton [20] performed experiments on the transverse compression of multiple ﬁbers (one
to four ﬁbers), speciﬁcally for graphite, nylon, polyester, Kevlar 29, and Kevlar 49
ﬁbers. The advantage of compressing multiple ﬁbers is its relative insensitivity to nonparallel compression, and any asperities on the platen surfaces have less signiﬁcant
eﬀect on the compression of the ﬁbers. In spite of these advantages, the transverse
compression of multiple ﬁbers also presents its own set of problems. Because the
tallest ﬁbers may be compressed initially as the top platen moves downward, this
results in a low estimated transverse ﬁber modulus due to inaccurately low initial
compression loads as the calculation of the compressive force is divided by the total
gage length.

1.3

Objective of Study
The ﬁbers compressed in this study were Kevlar KM2 and Dyneema SK76, two

of the most popular high-performance ﬁbers in the industry today. The transverse
compression setup from previous literature was improved upon and a twin-ﬁber experimental setup was built to address the aforementioned problems with aforementioned
setups. The misalignment in ﬁbers during compression due to microscopic asperities
and tilting results in an inaccurate measurement of the nominal stress-strain response
(Figure 1.10).
While multiple ﬁbers, as previously mentioned, show inaccuracies in the initial
portion of transverse compression due to the slight diﬀerence in ﬁber diameters, in
this novel twin-ﬁber compression setup, the top platen is ﬁrst laid across the ﬁbers,
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Figure 1.10. Misalignment of top and bottom platens during a transverse compression experiment for single-ﬁber setup (top) and proper
contact of ﬁbers and platen for twin-ﬁber transverse compression (bottom).

ensuring that the ﬁbers always remains in contact with the platen and the force
applied is directed through the center of the ﬁbers.
The second motivation of this study is to transversely compress these ﬁbers to
much higher strains. Previous studies have aimed to characterize and obtain a value
for the transverse modulus, and therefore very few studies exist which go to strain
values beyond the elastic region of deformation. In typical ballistic applications, these
ﬁbers undergo extremely high-strain deformation.
Finally, in order to delineate the rate eﬀects of these ﬁbers under transverse compression, the quasi-static results were also compared to high-rate experimental results.
These high-rate experiments were performed using a miniature Kolsky bar, with a
transmitter bar of diameter 127 μm, which presses on a single ﬁber transversely at
a strain rate of 5 × 106 s−1 . The signiﬁcance of high-rate transverse mechanical responses is apparent, as these ﬁbers are typically used in scenarios where high-rate
deformation is the norm, especially in ballistic applications.
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2. Experimental Methodology
2.1

Sample Preparation
The materials used in this study were Kevlar KM2 ﬁbers and Dyneema SK76

ﬁbers, as these ﬁbers have been previously characterized and therefore provide a
reference value for calibration. An analysis performed using a scanning electronic
microscope of the pre-compressed ﬁbers show relatively consistent diameters through
the compression range, and measurement using these images gives average diameters
of approximately 12 μm for the Kevlar KM2 ﬁbers and 16 μm for the Dyneema SK76
ﬁbers.

2.2

Quasi-Static Experimental Setup

2.2.1

Sample mounting

The ﬁbers were laid parallel on the bottom platen using a cardboard sample holder
shown in Figure 2.1, with a gage length of 9 mm per ﬁber and spaced 1 cm apart.
Some slack was allowed in the ﬁber samples during preparation to reduce the possible
eﬀects of putting the samples in slight pre-tension, as this may possibly aﬀect the
transverse compression results. It is imperative to ensure the ﬁbers are mounted on

Table 2.1 Properties of Kevlar KM2 and Dyneema SK76 ﬁbers.
Fiber

Kevlar KM2

Dyneema SK76

Diameter [μm]

12.02±0.32

15.94±0.27

84.62 ± 4.18 [21]

120 [22, 23]

Longitudinal Modulus [GPa]
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pre-polished to a mirror ﬁnish with minimal surface roughness, which is important in
ensuring proper contact with the ﬁbers as previously explained. The gage blocks are
of 9 mm width, giving a total ﬁber compression length of 1.8 cm.

Figure 2.3. Twin-ﬁber transverse compression setup using PI P840.6B
piezoelectric actuator.

A Kistler 50-lb rating load cell (Kistler 9712B50) was mounted below the bottom
gage block platen to measure the compressive load applied by the piezoelectric actuator (Physik Instrumente P840.6B), which has a maximum pushing load of 1000N
and a total uni-axial travel of 90 μm. As the ﬁbers get compressed, the air-gap capacitive displacement sensor (Physik Instrumente D-510.050, maximum resolution 2
nm) measures the displacement of the tool steel gage strip.
A load splitter was also designed using a Mitutoyo tool steel gage block and two
1 mm-diameter stainless steel dowel pins. The dowel pins of were spaced 1 cm apart
and glued on the gage block surface using J-B Weld Steel Reinforced Epoxy. The
function of the load splitter is to ensure that the loads are applied directly and evenly
above the two ﬁbers, as well as prevent beam deﬂection from the ﬂexing of the gage
strip, which may otherwise result in an inaccurate displacement measurement.
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The cyclic transverse compression experiments were performed at a strain rate of
0.02/s, with a maximum targeted nominal strain (based on the initial ﬁber diameter) of 80%. The cycle was controlled using a function generator with a sawtooth
signal, and the output displacement and load signals were recorded using a Tektronix
oscilloscope.

2.2.3

Modified transverse compression setup with steel rod compressor

Figure 2.4. Modiﬁed transverse compression setup for manual adjustment of vertical stage displacement.

During the course of compression, it was found that the piezo-electric actuator was
unable to compress the ﬁbers suﬃciently, as the maximum nominal strain achieved
using the piezo-electric actuator setup was approximately 20-30% for both ﬁber types,
way below the target nominal strain of about 70-80%. A modiﬁcation was therefore
made by replacing the actuator with an A2 tool steel rod (Rockwell C 62) with a
rounded tip of the same diameter as the P840.6B piezoelectric actuator, the exact
dimensions of which are included in the appendix.
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The vertical translation of the bottom stage (resolution 1 μm) was then manually
adjusted in order to compress the ﬁbers to larger transverse nominal strains. The
modiﬁed setup is shown in Figure 2.4.

2.2.4

Counter-Intuitive Nominal Stress-Strain Response

Due to inevitable irregularities of the ﬁbers as well as minor misalignment in the
setup due to the small length scale of the ﬁbers compared to the apparatus, counterintuitive stress-strain responses may arise in cases where one ﬁber gets compressed
before the other. This response is easily identiﬁed during the compression cycle, as
the displacement measured by the air gap capacitor exhibits very high deﬂection of
several diameters in the initial compression region as it pivots about one of the ﬁbers
due to misalignment.
While these experimental curves are still recorded nonetheless, they are only examined qualitatively to demonstrate the existence of such an avoidable phenomenon
and not included in the ﬁnal obtained stress-strain response of the ﬁbers. In light of
this, the ﬁbers were tested until at least 25 appropriately-compressed samples were
obtained.

2.3

Calibration of Experimental Setup

2.3.1

System compliance

The existence of system compliance is an unavoidable phenomenon that arises
because of any slight gaps or irregularities at the epoxy bonding surfaces, as well
as deformation of the components within the system such as the translation stages
and tool steel blocks. Due to the very small length scale of the experiments, it
is necessary to experimentally determine the system compliance of this setup as it
undergoes compressive stress, as even a slight system deformation of 1 μm may result
in an incorrect deformation value of up to 10%.
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S-4800 Field Emission SEM) in Birck Nanotechnology Center. The coating is several
orders of magnitude smaller than the nominal diameters of the ﬁbers, and therefore do
not aﬀect the dimensions signiﬁcantly when viewed under the SEM. The compressed
lengths of the ﬁbers were calculated by obtaining the coordinates of both ends of the
compression zone, and then calculating the distance between the coordinates.

Figure 2.6. FEI Nova 200 NanoLab DualBeamTM-SEM/FIB in Birck
Nanotechnology Center.

2.5

High-Rate Transverse Compression
In collaboration with Dr. Daniel Casem from the Army Research Laboratories,

the Kevlar KM2 and Dyneema SK76 ﬁbers were ﬁrst prepared in Purdue University’s
Impact Science Laboratory before being tested under high-rate transverse compression using Dr. Casem’s miniature Kolsky bar setup [24–26]. The apparatus works
based on the same principles as a regular Kolsky bar (Figure 2.7), but due to the
small length-scales of the setup, a transverse displacement interferometer (TDI) was
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used on the incident bar (Figure 2.8 and a normal displacement interferometer (NDI)
was used on the transmission bar (Figure 2.9) in lieu of strain gages.

Figure 2.7. Basic schematic of Kolsky bar setup. [24].

The TDI works using a diﬀraction grating etched directly on the incident bar at
the midpoint along its length. As the wave propagates longitudinally within the incident bar, the interference phase shift is detected by the detectors. The displacement
and velocity of the incident bar can be calculated from there. In order to eliminate
the eﬀects of bending waves which may arise due to slight misalignment (which signiﬁcantly aﬀects results adversely especially at very small length scales), TDIs were
also used to cancel out the bending wave eﬀects [26].

Figure 2.8. TDI used on incident bar of miniature Kolsky bar [24].
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For the transmission bar, an NDI was used instead of a TDI. While it is still
possible to use a TDI to measure the displacement and velocity of the bar, the NDI
oﬀers the advantage of not requiring a diﬀraction grating to be etched on the bar.
The displacement is therefore easily measured by the NDI at the free end of the bar,
provided it is polished enough to a suitable reﬂective ﬁnish. In contrast with the TDI,
the NDI measures the phase shift in the leg of the moving mirror, producing interference fringes which can subsequently be detected at the detectors. The corresponding
displacement and velocity can then be calculated.

Figure 2.9. NDI used on transmission bar of miniature Kolsky bar [24].

Initially, experiments were conducted with stainless steel bars with diameters of
794 μm, 50 mm in length. Optical instrumentation was used to avoid diﬃculties
associated with strain gages on bars of this size. However, it was found that the
transmitted signal was too small to reliably measure the force developed in the ﬁbers,
even when multiple ﬁbers were tested simultaneously. For this reason, the transmitter bar was replaced with a smaller diameter (127 μm) steel bar while the original
incident bar (794 μm diameter) was maintained. Even though this change required a
reduction in specimen length, the corresponding reduction in area of the transmitter
bar increased the magnitude of the transmitted pulse to measureable levels. The
loading surface of each bar was polished to a 0.04 μm ﬁnish, and specimens were
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3. Results & Discussion
The corresponding nominal stress and nominal strain of each cycle was calculated
using Equations 3.1 and 3.2, where F is the total compressive load applied, L is the
total compression length given as 1.8 cm, d is the average ﬁber diameter, and δd is the
measured transverse ﬁber deformation (after accounting for system compliance). The
nominal values facilitate the calculations of the transverse stress and strain, which
would otherwise involve an in-depth consideration of the actual current shape of the
ﬁber cross-section.

σnom =

F
L×d

(3.1)

Δd
d

(3.2)

εnom =

It is important to note that while this setup solves the problem of the tallest ﬁber
being compressed ﬁrst, the ﬁbers will inherently experience slight pre-loading when
the top platen is placed on the ﬁbers prior to the compression cycle. Further calculation and veriﬁcation in the sections below reveals that this pre-stress is negligible
and will not result in signiﬁcant deviation.
The main assumption in calculating this pre-strain is that the elastic transverse
moduli of KM29 and KM2 are within the same order of magnitude; however, the prestrain experienced by the ﬁbers for subsequent tests can be assumed to be negligible,
as long as the ﬁber transverse moduli remain to be within the same order of magnitude
of KM29 and KM2. The SK76 ﬁbers were compressed in the same manner as the
KM2 ﬁbers.
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3.1

Quasi-static transverse compression results

3.1.1

Gold fiber calibration

Hard temper gold ﬁbers of 99.9% purity and 10 μm diameter (obtained from
R
Goodfellow
USA) were put under transverse compression to calibrate the system.

Gold is used as a calibration material due to its isotropic properties. As the stressstrain data for pure gold was not readily available, material characterization was performed to obtain a stress-strain curve to be input into the ABAQUS FE model. The
gold ﬁbers were tested in tension using the MTS 810 system at a nominal strain rate
of 0.01/s. The samples had a gage length of 5.56 mm and attached on to a cardboard
substrate using J-B Weld Steel Reinforced Epoxy as per the ASTM standard procedure (C1577-03). The load was measured using a quartz force transducer (Kistler
9712B50), and the engineering stress-strain curves were subsequently obtained from
a total of 6 gold ﬁber samples as shown in Figure 3.1.

Figure 3.1. Engineering stress-strain curve for tensile loading gold
ﬁbers of purity 99.9% and diameter 10 μm.

From the stress-strain curve obtained for the gold ﬁbers, the gold ﬁbers had a
tensional modulus of 77.5 GPa, a yield strength of approximately 225 MPa at 0.4%
strain.
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Given that the total weight of the top platen and gage strip piece is 0.283 g, the
amount of pre-stress applied on the two ﬁbers is 1.31 MPa for a ﬁber diameter of
10 μm. Since gold is an isotropic material, we can assume the transverse modulus
is the same as its tensile modulus. Using Hooke’s Law for material constants as per
Equation 3.3

σ = Eε

(3.3)

where E is the Young’s modulus, a simple calculation for the gold ﬁbers gives us a prestrain value of 1.66 × 10−5 , which is on a negligible order of magnitude compared to
the experimental nominal strain values. This assumption also implies that as long as
the transverse moduli of the sample material is on the order of 109 Pa, the pre-strain
due to the top gage block piece is negligible.
Similarly, a maximum strain of 80% was targeted, although experimentally these
strains could not be achieved due to mechanical limitations of the equipment. A
maximum strain of approximately 45% was achieved instead. The obtained stressstrain results and deviation are shown along with the ABAQUS FE analysis results
in Figure 3.4.

Gold fiber finite-element analysis
To further verify the results of the gold ﬁber calibration, a ﬁnite-element analysis
was performed using ABAQUS/Explicit (v 6.12). The obtained stress-strain properties up to the yield stress were then input into the commercial software package
ABAQUS/Explicit using a elastic-plastic material model, with the obtained experimental elastic modulus of 77.5 GPa and Poisson’s ratio of 0.44. A 2D plane strain
model was used to reduce the required number of elements, and the top and bottom
platens were assumed to be rigid and undeformable. The friction coeﬃcient between
gold and tool steel were unknown, and therefore the values tested were 0.01, 0.1, 0.25
and 0.5. Convergence studies using a coarse mesh with 450 linear elements and a
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The obtained experimental results line up very well with the ﬁnite element simulation results, especially for a friction coeﬃcient between gold and tool steel of 0.25
and 0.5.

Verification using scanning electron microscopy
To verify the post-compression results of the transverse compression setup, the
compressed gold ﬁbers were then put under a scanning electron microscope to determine the total compressed length and width to ensure that uniform and proper
compression was achieved experimentally.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.5. Scanning electron microscope images for post-compression
gold ﬁbers. Figures (e) and (f) show the end eﬀects of transverse
compression.
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The eﬀects of the slightly-rounded platen edge can be observed in Figure 3.5(e)
and (f), where the end of the compression zone transitions to the uncompressed zone
with a sort of chamfer. However, the gage length of the ﬁbers is long enough for
these compression end-zone eﬀects to be negligible in determining the nominal stressstrain values. The average compression zone length is 8.54 mm and the average
post-compression width is 16.37 μm.
The average post-compression length of the gold ﬁbers is 8.54 mm compared to
an experimental gage length of 9 mm. This slight deviation can be attributed to the
fact that the samples are not exactly aligned straight when put under the SEM, and
therefore a shorter length is calculated.

3.2

High-rate transverse compression results
Figure 3.6 shows the incident, reﬂected, and transmitted pulses for a typical ex-

R
ﬁlament. The force-displacement curve is shown in Figure
periment on a Dyneema

3.7. Also shown is the deformation rate, which typically reaches between 12 and 13
m/s for the ﬁlament experiments. Note that most of this deformation occurs during
the ﬁrst 2 μs of the loading; because of the relatively large diameter of the incident
bar, the rate is ramped. Also note the load measurement is made during the rising
portion of the transmitted pulse. This signal is obtained from a reasonable number of
interference fringes from the NDI (approximately 12) —a portion of which is shown
in Figure 3.8.
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(a)

(b)

Figure 3.9. Comparison of quasi-static and high-rate transverse comR
KM2 ﬁbers. Figure (b) shows the zoomed-in
pression of Kevlar
curves

The high-rate compression results obtained by Dr. Daniel Casem (Army Research
Laboratory) were subsequently compared to the obtained quasi-static twin-ﬁber compression results. It is interesting to note that the initial stress-strain curves line up
with very little deviation; however, this does not imply that there are no rate eﬀects
when polymer ﬁbers are compressed transversely. When zoomed in to the low strain
portion of the curves, the high-rate and quasi-static curves appear to deviate slightly.
Currently, there is insuﬃcient high-rate data to form a conclusion.
At a nominal strain value of approximately 60%, no further observable deformation
of the ﬁber was seen during the quasi-static compression cycle. On the other hand, the
high-rate compression results achieved a maximum nominal strain of approximately
90%. This diﬀerence in maximum nominal strain at diﬀerent compressive strain
rates is due to the physical limitations of the quasi-static twin-ﬁber setup. A larger
amount of force is required to increase the strain in the ﬁber as it becomes ﬂatter and
more ribbon-like. Even though the nominal stress is calculated based on the original
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diameter of the ﬁber, the actual cross-sectional geometry has changed drastically,
resulting in extremely high stresses required to compress the ﬁber further.
It should also be noted that the high-rate curves appear to be slightly translated
along the x -axis. The slight shift is due to the initial displacement of the incident
bar which was adjusted by hand, which might have resulted in diﬀerent initial strain
values. To demonstrate the similarity of these curves, the high-rate curves were
adjusted as in Figure 3.10.

Figure 3.10. Strain-adjusted high-rate transverse compression curves
R
for Kevlar
KM2.

3.3.1

Verification using scanning electron microscopy (SEM)

In the experiments, the maximum achieved strain using the manual compression
setup was approximately 58% for the KM2 ﬁbers. The compressed KM2 ﬁbers had an
average maximum nominal stress of 285 MPa at a maximum nominal strain of 58%
after accounting for system compliance. To verify that the ﬁbers underwent proper
transverse compression, the post-compression ﬁbers were examined using a scanning
electron microscope. The examined KM2 ﬁbers had an average post-compression
width of 21.36 μm over a total compressed length of 8.48 mm. The eﬀects of the
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3.4

R
SK76 transverse compression results
Dyneema

The pre-strain value of Dyneema could not be readily calculated due to lack of
information regarding the transverse modulus of Dyneema SK76 ﬁbers. However, it
is not far-fetched to assume that the transverse modulus of Dyneema SK76 is on the
same order of magnitude, if not larger, compared to that of the gold ﬁbers. This
means that the pre-strain is on a negligible order of magnitude, as with the KM2
and gold ﬁbers. The nominal stress-strain curves for both quasi-static and high-rate
transverse compression experiments were superposed and compared, as in Figure 3.12.

(a)

(b)

Figure 3.12. Comparison of quasi-static and high-rate transverse comR
SK76 ﬁbers. Figure (b) shows the zoomed-in
pression of Dyneema
curves

Similarly, the high-rate compression results obtained by Dr. Daniel Casem were
compared to the obtained quasi-static twin-ﬁber compression results. As with the
Kevlar KM2 ﬁbers, the initial stress-strain curves of Dyneema SK76 line up in the
initial portion as well. The high-rate compression results achieved a maximum nominal strain of approximately 61%. The sudden increase in nominal stress is also
observable for Dyneema SK76 past a nominal strain value of approximately 50%.
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As with the KM2 ﬁbers, the high-rate results appear to be slightly translated
along the x -axis. The high-rate curves were therefore strain-adjusted to demonstrate
their similarity, as in Figure 3.13.

Figure 3.13. Strain-adjusted high-rate transverse compression curves
R
for Dyneema
SK76.

3.4.1

Verification using scanning electron microscopy (SEM)

In the experiments, the maximum achieved strain using the manual compression
setup was approximately 61% for the Dyneema SK76 ﬁbers. The compressed ﬁbers
had an average maximum nominal stress of 285 MPa at a maximum nominal strain of
61% after accounting for system compliance. The post-compression ﬁbers were again
examined using a scanning electron microscope.
The examined SK76 ﬁbers had an average post-compression width of 40.99 μm
over a total compressed length of 8.34 mm. The eﬀects of the rounded platen edge can
be observed in Figure 3.14(e), where the end of the compression zone transitions to
the uncompressed zone with a chamfer, similar to the previous two compressed ﬁbers.
Again, the sample length of the ﬁbers is long enough for these compression end-zone
eﬀects to be negligible. The compression zone length of Dyneema is slightly shorter

43
than gold or KM2 due to a large amount of twist when mounting the post-compression
ﬁbers for SEM imaging.
Figure 3.14(d) shows the uniform compression of the ﬁbers over the whole gage
length. It is interesting to note that the ﬁbrils are clearly visible in Figures 3.14(b)
and (e) in the ﬁbers before and after compression.

3.5

Compression results of non-polymer fibers
R
Following the successful transverse compression of the two polymer ﬁbers, Kevlar

R
KM2 and Dyneema
SK76, non-polymer ﬁbers were also tested for their transverse

mechanical response. Speciﬁcally, glass ﬁbers were tested as they are expected to
exhibit vastly diﬀerent properties from polymer ﬁbers due to their structure and
brittleness. The resulting stress-strain curves are extremely counter-intuitive do not
give particularly useful information, and therefore only the displacement-time curves
are given below.

Figure 3.15. Displacement-time history for glass ﬁber transverse compression.

The displacement history of the glass ﬁbers shows a slight increase in transverse
deformation before the deformation abruptly and rapidly decreases, in some cases to
a negative deformation value i.e. the air gap decreases with increased compressive
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load. This decrease in air gap occurs when one of the ﬁbers fails due to its brittleness,
resulting in the top gage strip pivoting about the other ﬁber. With a further increase
in compressive load, the second ﬁber fails in a brittle manner, resulting in a sudden
increase in air gap again.
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4. Conclusions
The transverse compression of anisotropic high performance ballistic ﬁbers was performed at both quasi-static and high strain rates to determine the transverse mechanical response of these ﬁbers and the rate eﬀects on the mechanical behavior.
A twin-ﬁber quasi-static transverse compression setup was designed to evenly load
and deform the ﬁber specimen in the gage section. For high-rate transverse compression, a miniature compression Kolsky bar was used to compress a single ﬁber
transversely at high rates. The velocities were measured using a transverse displacement interferometer and a normal displacement interferometer respectively. Using
R
KM2
these new experimental setups, the transverse compression behavior of Kevlar
R
and Dyneema
SK76 ﬁbers were characterized.

For quasi-static transverse compression, the non-linear stress-strain behavior for
both ﬁbers was recorded. Experimental calibration of the novel twin-ﬁber compression
setup using gold ﬁbers and ﬁnite element simulation shows good agreement between
experimental and numerical simulation results. Scanning electron microscopy of the
post-compression ﬁbers further demonstrated the accuracy of the twin-ﬁber compression setup as well as the proper uniform compression of the ﬁbers. However, the
quasi-static setup reached maximum experimental strains due to large compressive
stresses required to increase the deformation of the ﬁbers when they are ﬂat.
On the other hand, the resultant stress-strain behavior shows that the high-rate
experiments allow the ﬁber to be compressed to extremely large strains, revealing
a signiﬁcant strain-resisting response of both ﬁbers when the nominal strain is beyond 60% due to a change in cross-sectional geometry. After a strain level of 60%, it
becomes signiﬁcantly much harder to further reform the ﬁbers, resulting in a sharp
increase in nominal stress which could only be achieved via high-rate transverse compression. Comparison between the quasi-static and high-rate results shows that the
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stress-strain behaviors coincide relatively closely for strains below 50%; however, further high-rate experimentation has to be performed in order to reach a conclusion
regarding the rate eﬀects of transverse compression.
Future work could include the transverse characterization of other ﬁbers using
these two novel experimental setups, as well as improving the quasi-static setup to
allow for larger compressive loads. Currently, preliminary work has been done on glass
ﬁbers, which exhibit counter-intuitive stress-strain responses compared to polymer
ﬁbers due to their brittleness.
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